An instrument was designed and assembled with the aim of measuring macroscopic properties of foams ͑such as foamability and stability͒ under high pressures and moderate temperatures ͑up to 105 bar and 425 K, respectively͒. The device makes use of infrared sensors to detect the foam forefront position as it is generated by gas sparging in the foaming solution. The measurement makes use of a modified dynamic Bikerman protocol to estimate the foamability and stability of the studied solution. Traditional direct observation used in foam experiments at ambient conditions is therefore circumvented and the instrument can be set up in an appropriate place and monitored remotely so as to reduce the risks involved in high-pressure, high-temperature operations. Data from the infrared system allows not only following the dynamics of foam phenomena but also the relative foam quality along the column, and the presence of air pockets in the case of unstable or pulsating foams. A series of fluorosurfactants ͑cationic, anionic, and nonionic͒ were used to validate the instrument and the effect of temperature on foamability, foam stability and foam quality is discussed. Finally, synergistic effects were observed with respect to the foam behavior of different mixtures of the studied surfactants.
I. INTRODUCTION
Use of foams in gas and petroleum industries represents one of the most significant and promising applications of these complex fluids in application such as drilling wells, developing oil pools and foam-enhanced oil recovery, just to mention a few. Bond and Holbrook 1 suggested the ability of foams to improve oil recovery. In their application a foaming compound was used to increase the efficiency of a gas drive used for the recovery of residual oil from a partly depleted subterranean reservoir. The foaming agent is placed in the reservoir adjacent to the injection well and the gas is forced through the reservoir from an injection well to a recovery well.
Recent studies have shown that when foams are used instead of the usual flushing fluids or when they substitute conventional clay suspensions, the drilling rates increase up to four times, 2 while enhancing the well exploitation conditions, increasing the drilling equipment working life and well productivity.
A fundamental requirement for the successful utilization of foams in the oil exploitation area is their stability at the extreme conditions encountered in the well. The foam, in this case, interacts with both solid particles and oil drops and it is supposed to tolerate mechanical compression and stress and, particularly, it is required to withstand high temperatures and pressures ͑as typically found in underground formations͒.
Perhaps the most extended methods used to characterize foam behavior are the Bikerman 3 and Ross-Miles 4 protocols. In these cases cylindrical columns are employed and, optionally, a fluid circulating externally regulates the temperature. In both methods the foam height or volume is monitored by direct observation and therefore the use of transparent materials ͑e.g., glass͒ is a prerequisite. When the column is used at temperatures above ϳ60°C ͑at atmospheric pressure͒ some difficulties may arise, e.g., evaporation takes place and manipulation of hot surfaces becomes troublesome.
At present, there are a few systems for determining macroscopical foaming properties of aqueous solutions at ambient temperature and pressure conditions ͑see, for example, the Foamscan Analyzer [5] [6] [7] ͒. Evaluation of foam properties for nonaqueous systems is less common. Furthermore, the effect of pressure on foam properties is a topic that has received little attention. In most cases foam behavior at high pressures has been studied by using porous media ͑packed beds͒ [8] [9] [10] and correlations with apparent viscosity measurements are often used to estimate foam characteristic parameters. 8, 10 To our knowledge the only reported apparatus for studies on foams at high pressures in void columns ͑as opposed to porous media͒ is that of Maini and Ma. 11 In this instrument the monitoring of the foam evolution is made by direct observation through a glass window.
In order to comply with the necessity of studies on foam properties at high pressures and temperatures, we have constructed an instrument based on infrared sensors that allows monitoring foam forefront position remotely as it is generated in a robust, metal-made column. The instrument can operate with both aqueous and nonaqueous solutions since it is not based on measurements of electrolytic conductivity. It includes a generation unit that bubbles gas into the foaming solution at controlled flow rates in order to produce the foam. After the foam is generated a protocol based on the methods a͒ Author to whom correspondence should be addressed; electronic mail: orlando.rojas@surfchem.kth.se proposed by Bikerman 3 and Ross-Miles 4 is used as a means to characterize the foam.
II. FOAMING AGENTS
In order to illustrate the operation of the instruments ͑to be described in the following sections͒ various foaming solutions were employed. These consisted of aqueous solutions of flurorosurfactants of the Zonyl® series ͑DuPont™͒. The reason for choosing this type of surfactant is not only for its excellent foaming properties but also for its inertness to environments such as those encountered in steam flood conditions and also for their chemical compatibility.
Cationic, nonionic and anionic forms of the fluorosurfactants were studied and described as follows. Cationic fluorosurfactant Zonyl® FSD was used as an aqueous solution containing 30% of the active ingredient; 3% sodium chloride and 10% hexylen glycol ͑water as the remainder͒. The cmc and molecular weight are reported to be 0.085 g/dl of 600 g/mol, respectively. The structure of the surfactant is proprietary.
Nonionic fluorosurfactant Zonyl® FSN was used as an aqueous solution containing 40% of the active ingredient, 30% isopropyl alcohol and 3% sodium chloride ͑water as the remainder͒. The cmc and molecular weight are reported to be 0.02 g/dl and 950 g/mol, respectively. The structure of the active ingredient can be represented by R f CH 2 H 2 O(CH 2 CH 2 O) x H, where R f ϭF(CF 2 CF 2 ) y , xϭ0 -25 and yϭ1 -9.
Anionic fluorosurfactant Zonyl® FS-62 was used as an aqueous solution containing 25% of the active ingredient and 2% acetic acid ͑water as the remainder͒. The cmc and molecular weight are reported to be 0.02 g/dl and 435 g/mol, respectively. The structure of the active ingredient can be represented by CF 3 (CF 2 ) 5 CH 2 CH 2 SO 3 X, where XϭH or NH 4 . Double-distilled water (8ϫ10 Ϫ4 mS/cm͒ and nitrogen gas ͑industrial grade͒ were also employed.
III. INSTRUMENT OPERATION PRINCIPLE
In the modified Bikerman dynamic method employed herein, foam is generated by bubbling nitrogen gas ͑or any other gas͒ at a constant pressure through a surfactant solution placed in a glass or metal column. Bubbling is continued until the foam reaches a constant height where dynamic equilibrium between the rate of formation at the bottom and the rate of collapse of bubbles at the top is attained ͑dynamic test͒. The equilibrium height or foam volume can then be used to calculate foamability indices such as the Bikerman index, which relates the measured foam volume and the flow rate of gas injected under equilibrium conditions.
After equilibrium conditions are reached the gas supply is terminated and the foam is allowed to collapse without any disturbance. The variation of the foam's height with time gives account of its stability ͑static test͒. The experimental data in this case can be analyzed by assuming some kinetic model of foam decay ͑e.g., first-order kinetics 11, 12 or foam decay rate inversely proportional to the age of the foam 13 
͒.
Two different devices were constructed using the same infrared detection system. One is intended to operate at atmospheric pressure while the other was built to work under pressures up to 105 bars ͑in both cases the maximum temperature allowed was 425 K͒. A schematic representation of the first instrument can be seen in Fig. 1 . Here neither instrumentation nor special materials are needed to maintain high pressures and therefore the layout is very simple. The foam column in our case is made of glass ͑alternatively any other temperature-resistant material can be used͒.
Infrared sensors placed externally at known heights along the column allow tracking the height of the foam as time elapses. The principle of operation is based on the fact that the foam disrupts the infrared beam path ͑from source to receptor͒ hereby reducing the voltage in a resistance connected in series to the infrared detector. The voltage change is registered by a data acquisition system and interpreted in terms of foam dynamics. The data are also stored for further analysis.
The other instrument, designed to operate at high pressures, was built in steel API 5L°B ͑Steel's Schedule XXS 15.24 mm wall thickness; 7.62 mm diameter and 836 mm height͒. Since in this case the metal would block the infrared beams, a system of viewing ports was installed. Each window consists of a glass bar introduced into a previously machined bronze plug, which is screwed to the column at specific heights. The hermetic seal of the viewers is guaranteed by a viton O ring ͑see Fig. 2͒ . The coil seen on the right corner is used to preheat the inlet gas and thermocouples ͑such as the one seen on the left corner͒ are placed in the oven to monitor and control the temperature. The column is made of glass ͑96 mm diameter and 420 mm height͒. Sixteen infrared LEDs, and corresponding detectors were placed on opposite sides of the column ͑evenly spaced by 20 mm͒.
In the high-pressure column 64 sensors are placed helicoidally along the wall to give a spatial resolution in the foam detection of the order of 10 mm. This sensor disposition was chosen to minimize any lessening of mechanical resistance in the metal column due to the machining of the view ports. It also allows a better analysis of the generated foam. In Fig. 3 a schematic diagram of the actual column is presented. The gas is introduced into the column through an injection needle coupled to a check valve in the bottom, while the pressure inside the device is carefully controlled and recorded by various valves and digital manometers.
IV. DATA ACQUISITION AND DYNAMIC TESTS
The voltage signals from the infrared sensors ͑16 and 64 sensors for the atmospheric and high-pressure column, respectively͒, as well as the analog signals from the manometers and flow meters, are acquired by a computer using a data acquisition system. The software that is used to control the process was written in Labview 5.1 ͑National Instruments͒. The program carries out real time trace of the foam column height, movement rate, relative foam quality and it also allows the detection of holes or air pockets in the case of pulsating foams.
An illustration of the data handled by the device is depicted in Fig. 4 in the case of the operation of the atmospheric column. Here a solution of anionic fluorosurfactant ͑Zonyl® FS-62͒ was used to produce foam with bubbling air at 30°C. In order to standardize the signals from each of the detectors the voltage is normalized with the value read initially for the respective IR sensor (V/V 0 ). Hence, at time zero all measurements are shown in the graph as data fluctuating around a value of one in the ordinate ͑note that the fluctuation or noise is intrinsic to the sensor and electronics͒. As the foam forefront is spatially displaced the value of V/V 0 of the respective sensor is reduced.
When the foam forefront reaches the pathway of the IR light of a pair of sensors ͑facing each other͒, the V/V 0 values first start to decrease with a negative steep slope to finally remain approximately constant around a final normalized voltage (V/V 0final ). This value gives account of the relative foam consistency, as will be explained in later sections.
Since the infrared sensors are located at known heights only the time elapsed for triggering the voltage decay in each sensor is required to obtain the dynamic evolution of the foam forefront. This time is easily estimated by analyzing the plot of V/V 0 versus time ͑Fig. 4͒. Figure 5 illustrates the results of foam tests performed at different temperatures ͑20-80°C͒. In this case the foaming . The inlet gas rate was 50 ml/min and the operation was carried out at atmospheric pressure. After dynamic equilibrium was reached ͑trace of the sensors with negligible change in normalized voltage͒ the gas supply was halted and the stability stage of the test was initiated ͑at ϳ6500 min͒. The sensor reference number increases as the respective position ͑height͒ increases, i.e., sensor 1 is positioned at the bottom of the column whereas sensor 8 is positioned at upper levels. Note that only the signals for the first eight sensors are displayed ͑the signals of the eight remaining sensors, located at upper levels, are not relevant in this case and they were omitted for clarity͒.
agent was a cationic fluorosurfactant ͑Dupont's Zonyl® FSD͒ used as an aqueous solution at a concentration of 0.3%. Each of the different foam heights plotted in the graph ͑for a given temperature͒ was obtained after analyzing V/V 0 versus time evolution ͑as recorded in graphs as the one shown in Fig. 4͒ .
As can be seen in Fig. 5 , the foamability is noticeably reduced as the temperature is increased. The height at which no variations in the foam forefront are observed can be regarded as an equilibrium height where the rates of foam generation and collapse are balanced and therefore it is a quantitative measure of the foamability. Note that in the case of the test at 20°C the equilibrium condition is not reached in the column employed since the foam height becomes larger than the column length ͑the foam flooded͒.
V. STATIC TESTS
A different procedure is used when running the stability test that starts by shutting off the gas supply and then by monitoring the foam decay with time ͑in a protocol similar to that of Ross-Miles͒. In this case the voltage increases when the foam collapses, i.e., the foam forefront leaves behind a free space and thus the light is transmitted with no disruption between the respective IR sensor pair. Despite the fact that in some cases the original normalized voltage is not restored to a value of one ͑since some residual liquid usually remains on the sensor windows͒ the detection ability and the final results are not affected.
If the decay evolution is to be studied a difficulty arises since the pattern followed as the foam collapses depends upon the foam structure at the start of the decay. However, it has been found that the decay behavior is very well defined when the original state of the foam is taken as the equilibrium state of the classical Bikerman experiment, i.e., when the foam formation by bubbling compensates the foam collapse. 13 Under such starting conditions, short life foam decay exhibits a linear variation in the foam column height with the logarithm of the elapsed time. Thus, the foam stability for short-life foams could be characterized by its half-life time ͑time required for the foam to be reduced by half͒. [11] [12] [13] [14] In order to compare foam stability for different systems it is also customary to run stability experiments using the same initial foam height. In this case the capillary pressure in the liquid phase ͑both in the Plateau-Gibbs border and in the foam film͒ of the foams being contrasted is the same.
In our case we chose to follow the first approach, i.e., to perform the stability tests using the equilibrium condition of the classical Bikerman experiment as the original state of the foam. Furthermore, the foams produced by the fluorosurfactants employed in this study were long lived and therefore rather than using the half-life time we chose to characterize the stability by means of the height of the foam after certain fixed time had elapsed ͑in our case this time was arbitrarily set as 3600 s͒. Figure 6 shows the stability curves for the cationic and anionic fluorosurfactants as well as for their mixtures. The data were obtained using the instrument and methodology explained in previous sections and the tests were performed at various temperatures ͑from 20 to 80°C͒.
At room temperature the surfactants ͑and their mixtures͒ show very high foam stability ͑foam collapses only after several hours͒. In all cases it is obvious that the temperature has a negative effect on foam stability, however it is not apparent that this effect is directly coupled to the surfactant composition. In fact, as can be seen in Fig. 7 , the foam stability ͑expressed as the normalized foam height at 3600 s͒ for surfactant mixtures ͑roughly͒ depends directly on the surfactant composition at low temperatures. However, at high temperatures ͑40°C and above͒, there is a clear negative synergy between the surfactant composition and foam stability, i.e., the stability for the mixtures is much lower than that anticipated from lineal mixing rules. Similar behavior was observed in the foamability tests as assessed by the heights reached by the foaming solutions after equilibrium was attained ͑data not shown͒.
VI. FOAM QUALITY AND PULSATING FOAMS
It is interesting to note that as the sensor position is higher, the corresponding normalized voltage ͑once the foam forefront crosses the corresponding IR beam path͒ increases ͑see, e.g., voltage traces in Fig. 4 after equilibrium is reached͒. This can be interpreted by the thinning behavior of the films that make the walls of the foam bubbles. The gravitational and capillary drainage has a more important effect in aged foam ͑i.e., the foam located in the upper part of the foam column͒ than in the recently formed ͑fresh͒ foam that is generated at the bottom of the column. The inter-bubble films of aged foam ͑in the top of the column͒ contain less liquid, i.e., the foam has a higher quality ͑the quality is defined as the ratio of gas volume to total foam volume͒ and the IR beam transmittance is higher as compared to that corresponding to the foam located in the bottom of the column where the inter-bubble walls are enriched with liquid and therefore there is less light transmittance ͑more light absorption͒. As a consequence, at any given time V/V 0 is higher for sensors located at higher positions in the column.
The above-explained situation facilitates a relative esti- mation of the foam quality. In reservoir conditions foam quality plays an important role since it has been shown that foam mobility and foam resistance factors depend directly on foam quality. 15 Foam quality is usually estimated by evaluation of the water content change calculated by measurements of its specific conductivity. 16 It is therefore possible to take the numerical values of V/V 0 as another way to report foam quality. In fact, since the electrolytic conductivity and voltage are inversely related an obvious choice of this relationship is 1/V, or better, 1/(V/V 0 ). As such, Fig. 8 shows the variation of the inverse of the normalized voltage with respect to the column height. From this figure it can be seen that foam quality decays rapidly and it becomes approximately constant, in this particular system, at a height of ϳ13 cm and above. If other variables, such as column diameter, bubble size, refractive index and infrared wavelength are considered, absolute values could be calculated.
Raw data as those depicted in Fig. 4 can be further analyzed in order to obtain additional information. As an illustration let us consider the graphs in this figure. The slope of the descending normalized voltage trace for each sensor in the foamability experiment and likewise the slope of the ascending trace in the stability test is directly related to the rate of movement of the foam's forefront.
Initially, the slope is equivalent to the inlet gas rate since at the beginning the foam is generated at a steady rate ͑no gas bubble rupture or collapse is evident͒. As the foam reaches dynamic equilibrium the rate of movement of the ascending foam eventually declines to zero ͑constant foam height and constant voltage signal͒. The same applies in the stability test for the uppermost detectors. However, in this case the slopes of the voltage traces are positive. Moreover, a close look at the slopes of the ascending normalized voltages from the lower detectors during the stability test shows additional features. Two distinct positives slopes can be detected, a steep one in the first few minutes after the inlet gas flow is ceased and a second lower but longer lived one, thereafter. These observations are associated with welldefined mechanisms, i.e., the first one primarily due to gravitational drainage and the second one due to capillary drainage.
The presence of air pockets or holes in the foam column can also be detected with the aid of the infrared sensors. This phenomenon is typical of avalanches in draining foams where a sudden collapse of the foam occurs. Temporal and spatial correlations between successive popping bubbles have been suggested. [17] [18] [19] [20] This collapse is usually reported to take place along the air/foam interface ͑foam surface͒. We do not know of any published study discussing the formation of air pockets inside ͑in the interior of͒ the foam column.
More intriguing is the pulsating behavior where the foam formation and collapse follow some quasiperiodic pattern. 21 This characteristic is related to the pulsating behavior of pressure gradients in the foam layer due to the nonuniform and nonstationary character of the foam layer structure. 22 Furthermore, the time dependence of pressure gradients reflects the behavior of the aggregational state of the foam layer structure.
When an air pocket develops at any height of the foam column the relative voltage for the respective sensor increases unexpectedly and crosses over the signals generated in other sensors that are positioned at upper heights, i.e., crossover of the voltage traces for the different sensors is manifest. An illustration of this event is depicted in Fig. 9 for the stability stage of an experiment at 50°C with 0.3% solution of Zonyl® FSN as foaming agent ͑see the overlap of the signals from sensor 1 with the others after ϳ2000 s and also of the sensor 2 after ϳ3250 s͒. An additional account of this phenomenon will be given in the description of the instrument for high pressures.
VII. HIGH-PRESSURE FOAM COLUMN
The main component of the high-pressure instrument, i.e., the foam column, was already presented ͑see Fig. 3͒ . A more detailed description of the layout is illustrated in Fig.  10 . Briefly, the metallic ͑foam͒ column is placed inside a thermostated oven for which the temperature can be controlled within 0.2°C by internal ͑forced͒ circulation of air. The top of the column is connected to a battery of relief valves and to a nitrogen tank as a back-pressure regulator. The bottom of the column is connected to two gas spargers connected to check valves. Several loops in the tubing that is used for gas injection are used for efficient gas preheating. This gas line is connected to the respective flow and pressure meters and to the main nitrogen tank. A nitrogen saturator designed to saturate the gas with water is also used before the injection.
A typical test for this column, consisting of the acquisition of voltage signal of 64 IR sensor pairs, is depicted in Fig. 11 . Here it is shown how the voltage signal is suddenly reduced from an initial value of one as the foam forefront reaches the respective sensor pair. From this information the foam height at any time is computed. In order to facilitate the computation, the system performs a linearization by averaging data points at fixed time intervals. The final result is depicted in Fig. 12 where the foamability curve ͑the evolution of foam height with time͒ is shown up to the instant where equilibrium condition is reached. . The metal column ͑for tests at high pressures͒ was employed with an inlet gas rate of 50 ml/min. Figure 13 shows the condition of the column at the end of the stability test for 0.1% solution of Zonyl® FSN at 22°C. As it becomes clear, during its collapse this surfactant solution exhibits an uneven foam collapse, i.e., regions of air pockets are produced amid the rest of the foam. This situation was reached after ϳ5500 s of stopping the gas injection at the end of the foamability test ͑when equilibrium conditions were reached͒.
The results from the operation of the column for different surfactants under extreme conditions of pressure and temperature will be reported in a following article where the discussion will be focused on the effect of these variables on the foam behavior. FIG. 13 . State of the column at the end of the stability test for 0.1% solution of Zonyl® FSN at 22°C. This state was reached after ϳ5500 s of stopping the gas injection at the end of the foamability test ͑when equilibrium conditions were reached͒. The white segments represent the regions of the column where no foam is present ͑air pockets͒. The labels on the sides of the column represent the sensor number identification: 1 for the IR sensor at the bottom and S64 for the sensor pair at the top of the column.
